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ABSTRACT 

Two p r o p u l s i o n  systems have been s e l e c t e d  f o r  t h e  space s t a t i o n :  gaseous H/O r o c k e t s  f o r  h i g h  
t h r u s t  a p p l i c a t i o n s  and t h e  m u l t i p r o p e l l a n t  r e s i s t o j e t s  f o r  low t h r u s t  needs. These two t h r u s t e r  
systems i n t e g r a t e  v e r y  w e l l  w i t h  t h e  f l u i d  systems on t h e  space s t a t i o n ,  u t i l i z i n g  waste f l u i d s  as 
t h e i r  source o f  p r o p e l l a n t .  The H/O r o c k e t  w i l l  be fue led  by e l e c t r o l y z e d  water  and t h e  r e s i s t o j e t s  
w i l l  use waste gases c o l l e c t e d  from t h e  env i ronmenta l  c o n t r o l  s y s t e m  and t h e  v a r i o u s  l a b o r a t o r i e s .  
Th is  paper p resen ts  t h e  r e s u l t s  o f  exper imenta l  e f f o r t s  w i t h  H /O and r e s i s t o j e t  t h r u s t e r s  t o  de te r -  
mine t h e i r  performance and l i f e  c a p a b i l i t y ,  as w e l l  as r e s u l t s  o f  s t u d i e s  t o  determine t h e  a v a i l a b i l -  
i t y  o f  water  and waste gases. 
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An i n t e g r a l  p a r t  o f  t h e  p l a n  t o  develop t h e  space s t a t i o n  i s  t h e  Advanced Development Program. 
Th is  program has t h e  o b j e c t i v e  t o  " p r o v i d e  technology a l t e r n a t i v e s  f o r  t h e  i n i t i a l  and t h e  e v o l u t i o n -  
a r y  space s t a t i o n  which o p t i m i z e  t h e  system's f u n c t i o n a l  c h a r a c t e r i s t i c s  i n  terms o f  performance, 
c o s t ,  and u t i 1 i z a t i o n . l  
h i g h  t h r u s t  (222 N) p r o p u l s i o n  system u s i n g  hyd raz ine  as t h e  p r o p e l l a n t  was i n i t i a l l y  s e l e c t e d  as 
t h e  b a s e l i n e  system. The Advanced Development Program has as i t s  c h a r t e r  t h e  i n v e s t i g a t i o n ,  evalua- 
t i o n ,  and development o f  v i a b l e  p r o p u l s i o n  o p t i o n s  f o r  i n i t i a l  o r  f u t u r e  use on t h e  space s t a t i o n .  
Th is  paper w i l l  p r e s e n t  t h e  program conducted t o  s tudy  p r o p u l s i o n  o p t i o n s  f o r  t h e  space s t a t i o n  and 
t h e  r e s u l t s  t h a t  have been o b t a i n e d .  

A r e f e r e n c e  c o n f i g u r a t i o n  was e s t a b l i s h e d  f o r  t h e  space s t a t i o n , 2  and a 

Based upon p rev ious  s t u d i e s  o f  manned space s t a t i o n s ,  two p r o p u l s i o n  systems were i n v e s t i -  
gated.3-8 A h i g h - t h r u s t  system, 111 t o  222 N (25 t o  50 l b f ) ,  c o n s i s t e d  o f  hydrogenloxygen chemical 
r o c k e t s .  The hydrogen and oxygen p r o p e l l a n t s  would be s t o r e d  e i t h e r  as s u p e r c r i t i c a l  f l u i d s  i n  spe- 
c i a l l y  designed tanks o r  as h i g h  p ressu re  gases. The low t h r u s t  system c o n s i s t e d  o f  t h e  0.45 N (0 .1 
l b f )  m u l t i p r o p e l l a n t  r e s i s t o j e t .  
gases t h a t  m igh t  be a v a i l a b l e  from t h e  Environmental C o n t r o l  and L i f e  Suppor t  S y s t e m  (ECLSS) o r  f rom 
t h e  v a r i o u s  l a b o r a t o r i e s ,  m a t e r i a l s  p rocess ing  f a c i l i t i e s ,  and a t tached  payloads. These gases m igh t  
be m i x t u r e s  o f  C02 and/or  CH4 and p o s s i b l y  water .  
e t y  o f  p r o p e l l a n t s  makes i t s  use on space s t a t i o n  e s p e c i a l l y  a t t r a c t i v e .  

The cho ice  o f  two p r o p u l s i o n  systems w i t h  d i f f e r i n g  t h r u s t  and o p e r a t i o n a l  c a p a b i l i t i e s  p rov ides  
t h e  space s t a t i o n  w i t h  a wide v a r i e t y  o f  p r o p u l s i o n  o p t i o n s .  
p rov ides  more p o s s i b l e  ways o f  " f l y i n g "  than  a r e  p o s s i b l e  w i t h  a s i n g l e  t h r u s t  l e v e l  system. 
s u f f i c i e n t  f o r c e  i s  a v a i l a b l e  f o r  a l l  l a r g e  mot ions,  i n c l u d i n g  con t ingenc ies  f o r  c o l l i s i o n  avoidance 
w i t h  t h e  h i g h  t h r u s t  chemical r o c k e t s ,  d e l i c a t e  maneuvers a r e  p o s s i b l e  u s i n g  r e s i s t o j e t s  a t  a t h r u s t  
l e v e l  t h a t  w i l l  n o t  i n t e r f e r e  w i t h  s c i e n t i f i c  research  and o b s e r v a t i o n s .  

of t h e  p r o p u l s i o n  system w i t h  o t h e r  space s t a t i o n  systems. 
f r o m  t h e  l i f e  suppor t  system and t h e  waste gases f rom t h e  s c i e n t i f i c  and m a t e r i a l s  l a b o r a t o r i e s .  
U t i l i z a t i o n  o f  these f l u i d s  r e s u l t s  i n  two fundamental advantages: 
mized and t h e  q u a n t i t y  o f  waste f l u i d s  t h a t  must be r e t u r n e d  t o  E a r t h  i s  lessened. 
r e s u l t s  i n  a d i r e c t  c o s t  sav ing  by  reduc ing  t h e  mass t o  be c a r r i e d  i n t o  o r b i t .  The second he lps  t o  
s o l v e  a s e r i o u s  problem o f  s t o r i n g  t h e  wastes and improves t h e  s h u t t l e ' s  pay load c a p a b i l i t y  by n o t  
r e t u r n i n g  these wastes t o  Ear th .  

Exper imenta l  programs were s t a r t e d  t o  examine t h e  technology read iness  and l i f e  c a p a b i l i t y  o f  
t h e  H/O t h r u s t e r s  and t o  e s t a b l i s h  t h e  t e c h n i c a l  base f o r  t h e  m u l t i p r o p e l l a n t  r e s i s t o j e t .  S tud ies  
were under taken t o  a s c e r t a i n  l e v e l s  o f  p r o p e l l a n t s  a v a i l a b l e  by i n t e g r a t i o n  o f  t h e  p r o p u l s i o n  system 
w i t h  space s t a t i o n  f l u i d  systems. 
and t h e  r e s u l t s  o b t a i n e d  a r e  presented.  

The p r o p e l l a n t s  f o r  t h e  r e s i s t o j e t  would be hydrogen o r  o t h e r  

The a b i l i t y  o f  t h e  r e s i s t o j e t  t o  u t i l i z e  a v a r i -  

The combinat ion o f  these two systems 
Whi le  

An a d d i t i o n a l  b e n e f i t  o f  these p r o p u l s i o n  choices i s  t h e  synerg ism ob ta ined  by t h e  i n t e g r a t i o n  
P r o p e l l a n t s  a r e  o b t a i n e d  as by-products  

r e s u p p l y  o f  p r o p e l l a n t s  i s  m i n i -  
The f i r s t  

The programs conducted on each p r o p u l s i o n  system a r e  d iscussed 

PROPULSION REQUIREMENTS 

The space s t a t i o n  p r o p u l s i o n  system must be a b l e  t o  p r o v i d e  t h r u s t  f o r  a l t i t u d e  maintenance, 
c o l l i s i o n  avoidance, a t t i t u d e  c o n t r o l ,  and momentum management. A s  s t u d i e s  have con t inued  d u r i n g  
Phase B o f  t h e  Space S t a t i o n  D e f i n i t i o n  e f f o r t ,  t h e  p r o p u l s i o n  requi rements have g r a d u a l l y  
i nc reased .  I n i t i a l  requi rements and cho ice  o f  o p e r a t i n g  mode and a l t i t u d e  have a l l  been r e t h o u g h t  
d u r i n g  t h i s  s tudy  phase. I n i t i a l l y ,  an a l t i t u d e  of 463 kin (250 nmi) was assumed f o r  t h e  s t a t i o n  and 
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a l t i t u d e  reboos t  would be conducted a f t e r  each s h u t t l e  dock ing.  
t h e  s t a t i o n  would s l o w l y  descend, e v e n t u a l l y  r e t u r n i n g  t o  i t s  i n i t i a l  a l t i t u d e  i n  t i m e  for  another  
s h u t t l e  rendezvous. P r e s e n t l y ,  t h e  o p e r a t i n g  mode proposed f o r  t h e  s t a t i o n  i s  a t  a lower  a l t i t u d e  
and i n  a mode co r respond ing  t o  an average a c c e l e r a t i o n  o f  0.3 pg. I n  t h i s  mode, t h e  s t a t i o n  main- 
t a i n s  a near-constant  a l t i t u d e  t o  o p e r a t e  i n  a constant -drag mode. 
i e s  over  an 11 yea r  c y c l e ,  t h e  a l t i t u d e  r e q u i r e d  w i l l  a l s o  v a r y  s l i g h t l y .  

Over a p e r i o d  o f  90 t o  120 days, 

As  t h e  atmospher ic  d e n s i t y  va r -  

Table I compares t h e  t o t a l - i m p u l s e  requi rements f o r  a growing and e v o l v i n g  space s t a t i o n  ove r  
an 11-year c y c l e  f o r  t h e  i n i t i a l  463'km a l t i t u d e  o p e r a t i n g  mode w i t h  t h e  p resen t  lower  o p e r a t i n g  
a l t i t u d e  and 0.3 p g  o p e r a t i o n .  These va lues o f  t o t a l - i m p u l s e  have been computed by assuming a 1995 
I n i t i a l  Opera t i ng  C a p a b i l i t y  ( I O C )  s t a t i o n  o f  227 000 kg  (500 000 l b )  mass t h a t  grows t o  454 000 k g  
( 1  000 000 l b )  i n  10 years .  The va lues  computed a l s o  assume a nominal atmosphere. Note t h a t  t h e  
a l t i t u d e  has been lowered by up t o  130 km (70  nmi) which eases t h e  problems o f  t h e  s h u t t l e  g e t t i n g  
t o  t h e  s t a t i o n .  Most s i g n i f i c a n t ,  however, i s  t h e  f o u r - f o l d  i nc rease  i n  p r o p u l s i o n  requ i remen ts .  
The space s t a t i o n  has never  been cons ide red  a m i s s i o n  where s p e c i f i c  impulse o f  t h e  p r o p u l s i o n  sys- 
tem was paramount. However, as can be seen by t h e  i nc reased  l e v e l s  o f  t o t a l - i m p u l s e ,  p r o p u l s i o n  sys- 
t e m  s p e c i f i c  impulse i s  becoming more i m p o r t a n t  and improved l e v e l s  o f  s p e c i f i c  impulse w i l l  be 
sought. 

PROPELLANT SOURCE 

To augment t h e  t h r u s t e r  research  e f f o r t s ,  seve ra l  s t u d i e s  were conducted t h a t  i n v e s t i g a t e d  t h e  
p r o p e l l a n t  source and r e s u p p l y  and t h e i r  impact  on t h r u s t e r  system design.3-5 
i e s  assumed t h a t  t h e  hydrogen and oxygen would be s u p p l i e d  f rom s u p e r c r i t i c a l  s to rage  tanks s i m i l a r  
t o  t h e  P r o p e l l a n t  Reactant  and Supply Assembly (PRSA) tanks u t i l i z e d  on t h e  s h u t t l e .  A s  t h e  s t u d i e s  
progressed,  a l t e r n a t i v e  sources o f  p r o p e l l a n t  appeared more a t t r a c t i v e .  
s t u d i e s  o f  t h e  Envi ronmenta l  C o n t r o l  and L i f e  Support Systems (ECLSS) t h a t  t h e  s t a t i o n  c o u l d  have a 
s i g n i f i c a n t  water  d i s p o s a l  problem. These s t u d i e s  c l e a r l y  i d e n t i f i e d  t h e  p o t e n t i a l  o f  e l e c t r o l y z i n g  
t h i s  water  t o  p r o v i d e  t h e  r e q u i r e d  oxygen and hydrogen and t h e  concomi tant  sav ings p o s s i b l e  by m i n i -  
m i z i n g  r e s u p p l y .  A d d i t i o n a l  sources o f  water were a l s o  found. S i g n i f i c a n t  q u a n t i t i e s  o f  waste and 
f u e l  c e l l  water  a r e  t o  be found on board t h e  s h u t t l e  and m igh t  be t r a n s f e r r e d  t o  t h e  s t a t i o n .  
a c t u a l  a v a i l a b i l i t y  o f  water  depends on whether t h e  Bosch or S a b a t i e r  concept i s  s e l e c t e d  f o r  t h e  
environment c o n t r o l  system, and t h e  e x t e n t  o f  water  s t o r e d  and wi thdrawn f rom t h e  s h u t t l e .  
shows t h e  y e a r l y  l e v e l s  o f  water  a v a i l a b l e  f o r  each env i ronmenta l  system and assumes s h u t t l e  v i s i t s  
a t  45 o r  90-day i n t e r v a l s  and t h a t  s h u t t l e  water  i s  t r a n s f e r r e d  t o  t h e  s t a t i o n .  

l a n t  r e s i s t o j e t  adds s i g n i f i c a n t l y  t o  t h e  o v e r a l l  p r o p u l s i o n  c a p a b i l i t y  o f  t h e  s t a t i o n .  C o n t i n u i n g  
s t u d i e s  i n d i c a t e  t h a t  t h e r e  a r e  l a r g e  q u a n t i t i e s  o f  waste gases t h a t  cou ld  be made a v a i l a b l e  f o r  pro-  
p u l s i o n . 9  I f  these gases a r e  n o t  u t i l i z e d  f o r  p r o p u l s i o n ,  then they  must be s t o r e d  and d isposed o f  
by s u i t a b l e  means. 
o r  vented,  n o n p r o p u l s i v e l y ,  i n  a manner t h a t  would n o t  contaminate t h e  s t a t i o n  o r  i n t e r f e r e  w i t h  
o b s e r v a t i o n s  o r  exper iments.  Sources o f  waste gases i d e n t i f i e d  t o  d a t e  i n c l u d e  t h e  s h u t t l e  scaveng- 
i ? g ,  ECLSS, t h e  M a t e r i a l s  Technology Labora to ry  (MTL), t h e  Japanese and Columbus module l a b o r a t o -  
r i e s ,  and a t t a c h e d  pay loads.9 

The MTL, wi th  up t o  14 exper imenta l  f a c i l i t i e s  o p e r a t i o n a l  a t  t h e  I O C ,  and t h e  i n t e r n a t i o n a l  
modules w i l l  produce v a r y i n g  amounts o f  excess f l u i d s .  
modules a r e  dependent on t h e  complement o f  experiments be ing  performed and on t h e  amount o f  space 
s t a t i o n  crew t i m e  spent pe r fo rm ing  t h e  exper iments.  Contaminants and assoc ia ted  c o n c e n t r a t i o n  l e v -  
e l s  con ta ined  i n  t h e  produced f l u i d s  a r e  u n a v a i l a b l e  a t  t h i s  t i m e .  I t  i s  assumed t h a t  t h e  waste 
f l u i d s  w i l l  be c leaned s u f f i c i e n t l y  t o  a l l o w  f o r  sa fe ,  long- term s to rage  and a l s o  f o r  use i n  t h e  
r e s i s t o j e t  p r o p u l s i o n  system. 

At tached pay load waste gases r e s u l t  f rom b o t h  p u r g i n g  o f  t h e  experiments and c ryogen ic  b o i l o f f .  
To a v o i d  v e n t i n g ,  and i t s  assoc ia ted  e x t e r n a l  con tamina t ion  impacts ,  these gases must be c o l l e c t e d  
and s to red .  These r e l a t i v e l y  c lean  gases may then  be used t o  m e e t  o t h e r  s t a t i o n  requi rements (e .g . ,  
MTL o r  p r o p u l s i o n )  o r  be r e c y c l e d  f o r  reuse by t h e  a t tached  payloads where f e a s i b l e .  
l oad  waste gases v a r y  g r e a t l y  as a f u n c t i o n  o f  t i m e  b o t h  i n  t h e i r  types and amounts due t o  r e l a t i v e l y  
s h o r t  r u n  t imes  a t  t h e  s t a t i o n  ( t y p i c a l l y  1 t o  4 y r ) .  The a t tached  payload complement scheduled f o r  
o p e r a t i o n  a t  o r  near IOC which r e q u i r e  and generate gases i s :  t h e  Cosmic Ray N u c l e i  Experiment, t h e  
S o l a r  T e r r e s t r i a l  Observatory ,  t h e  Long T e r m  Cryogenic  Storage, and t h e  A c t i v e  O p t i c  Technology. 

Table I11 summarizes t h e  o v e r a l l  space s t a t i o n  waste gas i n v e n t o r y  f o r  I O C  and growth.9 The 
growth p r e d i c t i o n s  a r e  based on t h e  s t a t i o n  growing f rom 227 000 kg  a t  I O C  t o  454 000 kg  a f t e r  
10 years  and 2 crew members added eve ry  2 years f rom 8 crew members a t  I O C  t o  18 a t  I O C  +10 yea rs .  
Japanese and Columbus Labs waste gas o u t p u t  i s  assumed cons tan t  f o r  t he  10 yea r  p e r i o d .  
pay load growth p r e d i c t i o n s  a r e  based on s t a t i o n  mass growth s t a r t i n g  w i t h  t h e  above f o u r  waste f l u -  
i d - g e n e r a t i n g  pay loads.  

I n i t i a l l y ,  those s tud-  

I t  became apparent  f rom 

The 

Table I1 

Water, however, i s  n o t  t h e  o n l y  p o t e n t i a l  p r o p e l l a n t  source. The s e l e c t i o n  o f  t h e  m u l t i p r o p e l -  

That means t h a t  these excess o r  waste gases would have t o  be r e t u r n e d  t o  e a r t h  

Amounts o f  waste f l u i d s  generated by these 

At tached pay- 

At tached 

The amounts o f  excess water  ( i f  any) a r e  n o t  i n c l u d e d  s i n c e  many o p t i o n s  
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t h a t  a f f e c t  t h e  water ba lance have n o t  been de f i ned ,  e .g. ,  t h e  ECLSS process o r  water a v a i l a b l e  f r o m  
s h u t t l e  scavenging. 

The s e l e c t i o n  o f  t h e  lower  o p e r a t i n g  a l t i t u d e  as shown i n  Table I has r a i s e d  t h e  p r o p u l s i o n  
requi rements s i g n i f i c a n t l y  and i t  i s  n o t  c l e a r  whether waste f l u i d s  would be a v a i l a b l e  i n  s u f f i c i e n t  
q u a n t i t y  t o  f u l f i l l  t h e  e n t i r e  p r o p u l s i o n  requi rements.  
i s  o b t a i n e d  by summing t h e  amounts o f  water  f rom Table I 1  w i t h  waste gases f rom Table 111. Assume a 
"worst-year' '  s c e n a r i o  o f  t h e  yea r  2000 and a s p e c i f i c  impulse o f  360 sec f o r  t h e  H/O r o c k e t s  and 
220 sec f o r  t h e  mixed gases f o r  t h e  r e s i s t o j e t .  The t o t a l - i m p u l s e  a v a i l a b l e  u s i n g  b o t h  p r o p u l s i o n  
systems j u s t  exceeds t h e  t o t a l - i m p u l s e  requi rement  r e g a r d l e s s  o f  which ECLSS i s  chosen. Best  case 
s i t u a t i o n s  r e s u l t  i n  excess p r o p e l l a n t  which can e i t h e r  be vented,  n o n p r o p u l s i v e l y ,  o r  p r o v i d e d  t o  
c o - o r b i t i n g  o r  f r e e - f l y i n g ,  s t a t i o n  based s p a c e c r a f t .  S tud ies  o f  waste water and gas u t i l i z a t i o n  as 
p r o p e l l a n t s  w i l l  c o n t i n u e  as t h e  space s t a t i o n  evolves.  However, t h e  economies i n h e r e n t  by t h e  u t i -  
l i z a t i o n  o f  wastes w i l l  n o t  be d im in i shed ,  even i f  these p r o p e l l a n t s  a r e  n o t  a v a i l a b l e  i n  s u f f i c i e n t  
q u a n t i t y  t o  meet a l l  t h e  p r o p u l s i o n  needs i n  a g i v e n  y e a r .  

H I G H  THRUST PROPULSION SYSTEM 

An e s t i m a t e  o f  t h e  p r o p e l l a n t  a v a i l a b i l i t y  

A s  mentioned p r e v i o u s l y ,  H / O  r o c k e t s  were s e l e c t e d  f o r  t h e  h i g h  t h r u s t  system u s i n g  gaseous 
s t a t e  p r o p e l l a n t s .  
l i m i t a t i o n s ,  t h e  t i m e  r e q u i r e d  f o r  reboos t  and a l l o w a b l e  s t r u c t u r a l  d e f l e c t i o n s . l O  
t h r u s t e r  pad a r r a y ,  i t  has been es t ima ted  t h a t  t h e  t o t a l  t h r u s t  l e v e l  must be g r e a t e r  t han  178 N 
(40  l b f )  and l e s s  t han  356 N (80 l b f ) .  A t h r u s t  l e v e l  o f  1 1 1  t o  222 N (25 t o  50 l b f )  was s e l e c t e d  
f o r  t h e  Advanced Development Program t h r u s t e r  e f f o r t s .  Th i s  t h r u s t  l e v e l  i s  s u f f i c i e n t  t o  meet t h e  
s t a t i o n  requi rements f o r  React ion Con t ro l  S y s t e m  (RCS)  s t a b i l i t y  and c o n t r o l  a u t h o r i t y  and i s  a l s o  
i n  t h e  s i z e  range where any technology problems f o r  o p e r a t i o n  on gaseous H / O  would become e v i d e n t .  

by s u p p l y i n g  a t h r u s t e r  suppor ted by t h e i r  I R A D  program. 
an o p e r a t i n g  m i x t u r e  r a t i o  range f rom 3 : l  t o  5 .1 .  
these t h r e e  engines.  
and l i f e  c a p a b i l i t y .  The r e s u l t s  o f  these t e s t s  have been e x t e n s i v e l y  r e p o r t e d  e l s e ~ h e r e . ~ ~ - ~ ~ ~ ~ ~  

t h e  B e l l  and Rocketdyne t h r u s t e r s ,  r e s p e c t i v e l y .  These t h r u s t e r s  a l l  ope ra te  a t  modest ly  low cham- 
be r  p ressu re  and have s i m i l a r  o v e r a l l  d imensions.  They do, however, d i f f e r  markedly  i n  t h e  des ign  
approach taken,  method o f  f u e l  i n j e c t i o n ,  nozz le  area r a t i o ,  and e x t e n t  o f  r e g e n e r a t i v e  c o o l i n g  
employed. 

D u r i n g  t h e  i n i t i a l  phases o f  t h e  i n v e s t i g a t i o n ,  t h e  t h r e e  t h r u s t e r s  w e r e  operated ove r  a range 
o f  m i x t u r e  r a t i o s  f rom 3 t o  5. A t  t h i s  t i m e  some minor  changes were i n c o r p o r a t e d  i n  each des ign.  
s e r i e s  o f  t e s t s ,  des ign  changes and r e t e s t s  w e r e  done on t h e  B e l l  t h r u s t e r  t o  improve t h e  m i x i n g  o f  
f u e l  and oxygen i n  t h e  combustion chamber. I n i t i a l  t e s t s  gave w a l l  temperatures t o o  h i g h  f o r  t h e  
s t a i n l e s s  s t e e l  chamber and a non-uniform d i s t r i b u t i o n  as w e l l .  Adjustments t o  t h e  oxygen i n j e c t o r  
cup r e s u l t e d  i n  u n i f o r m  and lower  w a l l  temperatures.  The i n j e c t o r  des ign  was changed on t h e  Rocket- 
dyne t h r u s t e r  f r o m  t h e  i n i t i a l  d o u b l e t  des ign  t o  a c o - a x i a l  i n j e c t i o n  sys tem.  I n  a d d i t i o n ,  t h e  head 
p l a t e  was changed f rom a porous s t a i n l e s s  s t e e l  m a t e r i a l  t o  a s o l i d  copper d i s k  w i t h  a f e w  i n j e c t i o n  
p o i n t s  f o r  hydrogen t o  f i l m  cool  t h e  w a l l s .  Th i s  change r e s u l t e d  i n  improved c o o l i n g  o f  t h e  head- 
p l a t e  and h i g h e r  t h r u s t e r  performance. The A e r o j e t  t h r u s t e r  underwent no hardware changes and t h e  
e a r l y  t e s t s  were used t o  e s t a b l i s h  t h e  proper  l e v e l  o f  f i l m  c o o l i n g  t o  i n s u r e  t h r u s t e r  l i f e .  

The t h r u s t  s i z e  was p i c k e d  based upon es t ima tes  o f  t h e  s t a t i o n  s t r u c t u r a l  l oad  
For a f o u r -  

C o n t r a c t s  were awarded t o  A e r o j e t  Techsystems and B e l l  Aerospace. Rocketdyne a l s o  p a r t i c i p a t e d  

Table I V  p resen ts  t h e  b a s i c  des ign  parameters f o r  
These engines w e r e  sub jec ted  t o  a s e r i e s  o f  t e s t s  t o  determine t h e i r  

I n i t i a l  des igns f o r  these t h r u s t e r s  assumed 

erformance 

F i g u r e  1 shows t h e  A e r o j e t  t h r u s t e r  mounted on a t h r u s t  s tand.  F igu res  2 and 3 a r e  photographs 

A 

When t h e  d e c i s i o n  was made t o  t e s t  these t h r u s t e r s  a t  a m i x t u r e  r a t i o  o f  8:1, i t  was c l e a r  t h a t  
some f u r t h e r  t h r u s t e r  des ign  m o d i f i c a t i o n s  were i n  o r d e r .  
s u f f i c i e n t  f o r  a redes ign  o f  each t h r u s t e r ,  so compromises w e r e  made. For example, t h e  A e r o j e t  
t h r u s t e r ,  w i t h  r e g e n e r a t i v e  c o o l i n g  o f  t h e  113 : l  area r a t i o  n o z z l e ,  should have been redesigned t o  a 
s m a l l e r  area r a t i o  t o  accommodate t h e  h i g h e r  hea t  l oad .  A s  t h i s  was n o t  p o s s i b l e ,  t h e  e f f e c t  was 
s imu la ted  by c o o l i n g  t h e  hydrogen t o  a l e v e l  such t h a t  t h e  chamber f u e l  i n j e c t i o n  temperature would 
be t h a t  v a l u e  es t ima ted  f o r  l e s s  r e g e n e r a t i v e  c o o l i n g .  I n  a s i m i l a r  manner, t h e  B e l l  t h r u s t e r  mate- 
r i a l  was changed t o  Has te l l oy -X  f rom 347 s t a i n l e s s  s t e e l  and t h e  hydrogen c o o l i n g  f l o w  was h e l d  con- 
s t a n t .  T h i s  r e s u l t e d  i n  a h i a h e r  t h r u s t  o f  about 378 N (85 l b f )  and a h i q h e r  chamber Dressure a t  a 

The t i m e  a v a i l a b l e  f o r  t e s t i n g  was n o t  

m i x t u r e  r a t i o  o f  8 : l .  The Rocketdyne t h r u s t e r  had t h e  r e g e n e r a t i v e  c o o l i n g  f l o w  r e r o u t e d ,  u t i l i z  
p a r a l l e l - f l o w  c o o l i n g  i n s t e a d  o f  coun te r - f l ow  c o o l i n g  t o  p r o v i d e  f o r  t h e  added hea t  l oad .  
t i m e  w e r e  any o p e r a t i o n a l  d i f f i c u l t i e s  encountered and t h e  t e s t  programs proceeded as planned. 
Table V l i s t s  t h e  t o t a l  number o f  seconds o f  t e s t i n g  f o r  each t h r u s t e r  a t  m i x t u r e  r a t i o s  f rom 2 : l  
8 : l .  Tab 
a l s o  shows t h e  t o t a l  impulse demonstrated by each t h r u s t e r  ove r  t h e  same range o f  m i x t u r e  r a t i o s .  
The l i f e  goal  8 . 9 ~ 1 0 ~  N-sec (2x106 l b f - s e c )  was achieved by t h e  Rocketdyne t h r u s t e r .  Time and 
f u n d i n g  l i m i t e d  t h e  t e s t  programs w i t h  A e r o j e t  and B e l l  b u t  l a r g e  va lues o f  t o t a l - i m p u l s e  were 
o b t a i n e d  a t  h i g h  m i x t u r e  r a t i o s .  

A t  no 

Note t h a t  l a r g e  t i m e s ,  up t o  ove r  10 h r ,  were o b t a i n e d  a t  m i x t u r e  r a t i o s  o f  7 and 8 : l .  
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These results clearly illustrate that the program goal for life was obtainable. Indeed, an 
examination of the physical state of the thrusters leads one to conclude that the actual obtainable 
life is substantially greater. The life of such thrusters should be determined to establish a life 
and reliability data base and to determine the failure modes that lead to life limitation. Future 
tests are planned to address these issues. as well as to strive for increased levels of specific 
impulse. 
ent design concepts, provided by three separate contractors, and in no case was any life-limiting 
problem uncovered. 

It is also important to recognize that these life results were obtained with three differ- 

Figure 4 compares the specific impulse performance obtained with the Aerojet and Bell thrusters 
over the mixture ratio range from 2:l to 8:l. Both thrusters suffered significant decreases in spe- 
cific impulse as mixture ratio increased. The Aerojet data were obtained with varying splits of 
hydrogen used for film cooling; up to 92 percent being used for film cooling at a mixture ratio of 
8:l. These losses in perforance for both designs were greater than anticipated and reflect non- 
optimized designs. The data obtained with the Bell thruster were taken with a fixed configuration 
and a fixed hydrogen flow rate in order to assure adequate cooling of the throat. Thus, chamber 
pressure and thrust level were increasing as mixture ratio increased from 4:l. Performance improve- 
ments can be obtained by redesigning these thrusters and recognizing that operation will be required 
over a wide range of mixture ratios, but with primary operation near a mixture ratio of 8:l. 
impact of such design changes on total life of the thrusters will have to be determined. 

LOW THRUST PROPULSION SYSTEM 

The 

The application of the resistojet as a space station propulsion system imposes new operational 
considerations on the design of such thrusters. Use of resistojets in a wide variety of spacecraft 
applications is well known and d0cumented.l5-~6 Resistojets for these applications are character- 
ized as having a requirement for maximum specific impulse, an operating lifetime of only a few hun- 
dred hours, and use with a single propellant. As indicated, previously, the primary criteria for 
space station resistojets are very long life and operation with a wide variety of potential propel- 
1ants.9917-18 

Material-propellant compatibility had to be addressed in order to select a resistojet material 
that could provide the useful life required with the wide variety of possible propellants from ECLSS, 
MTL, Attached Payloads, or other sources. In the material compatibility studies two forms o f  grain- 
stabilized platinum were used. Platinum had been a previous choice for a biowaste resistojet consid- 
ered in the 1970's because of it's excellent resistance to corrosion and oxidation.6-8 Resistance 
to grain growth, a time-at-high temperature phenomenon, was required to minimize the likelihood of 
stress-rupture. The program studied both yttria and zirconia grain-stabilized platinum materials. 

sure of about 141 kPa. All tests except those containing CH4, either alone or in mixtures, were con- 
ducted at a heater temperature of 1300 to 1400 OC. Gases containing CH4 were tested at a temperature 
of 500 OC to avoid thermal decomposition of CH4 which could lead to carbon deposition and buildup 
within the resistojet. 
detail.19 
standpoint, a 10 000 hr operational life should be easily obtained with all propellant-material com- 
binations studied. 
was observed, a life of 10 000 hr would probably not be obtained due to the porous nature of the 
platinum. When the heater temperature was reduced to below 1000 OC surface attack by ammonia virtu- 
ally disappeared. and operation at that temperature should be possible. 

These tests have been expanded to include decomposed hydrazine as a potential resistojet propel- 
lant. 
1000 and 1400 OC. 
attack occurred at 1400 OC, but none was evident at temperatures of 1000 OC or less.20 This was 
expected because decomposed hydrazine is essentially N2, H p ,  and "3. 

These tests served several valuable purposes. The compatibility of the platinum material was 
confirmed with many potential propellants, useful lifetime data were obtained, and where material- 
propellant attack occurred, a useful operational temperature range has been determined. A further 
evaluation of the resistojet as a structure was obtained by conducting a 2000-hr life test using C02 
as the propellant. The purpose of this test was to determine the impact of cyclic thermal and mechan- 
ical stresses on the platinum material as well as the welded joints. The results of the 2000-hr 
test are reported in reference 21. 

Tests were conducted with C02, CH4, H2, "3, and steam in a flowing gas environment at a pres- 

These tests were conducted for as long as 2000 hr and have been reported in 
Test results are summarized in Table VI and indicate that from a material, or mass loss, 

Surface attack was significant with ammonia at 1400 OC, and though no mass loss 

Tests of up to 1000 hr have been conducted with yttria-stabilized platinum at temperatures of 
Results similar to those obtained with ammonia have been obtained in that surface 

ENGINEERING MODEL RESISTOJET 

Figure 5 is a photograph of the space station resistojet and Fig. 6 is a cross-sectional sketch 
with the major features identified. 
effort, on contract to NASA Lewis. 

The resistojet design is the result of a RocketdynelTechnion 
The detailed discussion of the design choices, features, and con- 



s t r u c t i o n  d e t a i l s  can be found i n  r e f e r e n c e  22.  
l o n g  o p e r a t i o n a l  l i f e  a re :  

Th is  
e l i m i n a t e s  t h e  p o t e n t i a l  f o r  s h o r t i n g  o f  t h e  hea te r  by su r round ing  t h e  c u r r e n t - c a r r y i n g  r e s i s t a n c e  
element w i t h  a l a y e r  o f  compressed magnesia i n s u l a t i o n ,  which i s  covered w i t h  a meta l  sheath. The 
sheathed hea te r  i s  secured i n  p o s i t i o n  by a s e r i e s  o f  s e m i - c i r c u l a r  grooves machined i n t o  t h e  o u t e r  
sur face o f  t h e  f o r w a r d  h a l f  o f  t h e  hea t  exchanger. 
ment o f  t h e  hea te r ,  which would r e s u l t  i n  changes i n  t h e  thermal c h a r a c t e r i s t i c s  o f  t h e  t h r u s t e r ,  
and p rov ides  a l a r g e  c o n t a c t  area between t h e  hea te r  and hea t  exchanger. 
between t h e  hea te r  and hea t  exchanger i n  t h i s  des ign  i s  i n h e r e n t l y  low, and p r e l i m i n a r y  thermal 
t e s t s  on t h e  f i r s t  e n g i n e e r i n g  model i n d i c a t e  t h a t  i t s  temperature drop i s  l e s s  than  200 "C f o r  a 
nominal hea te r  temperature o f  1200 'C. 

bonds a r e  backed by EB welds l o c a t e d  i n  r e l a t i v e l y  coo l  r e g i o n s  o f  t h e  eng ineer ing  model t h r u s t e r  t o  
ensure g a s - t i g h t  i n t e g r i t y .  Th i s  j o i n i n g  techn ique  e l i m i n a t e s  p o t e n t i a l  f a i l u r e s  due t o  adverse 
e f f e c t s  on t h e  g r a i n  s t a b i l i z a t i o n  o f  t h e  p l a t i n u m  by t h e  EB we ld ing  process.  

(3 )  A t h i c k - w a l l e d  p ressu re  vesse l /hea t  exchanger improves t h e  s t r e s s - r u p t u r e  c h a r a c t e r i s t i c s  
o f  t h e  e n g i n e e r i n g  model r e s i s t o j e t .  However, t h e  q u e s t i o n  o f  whether g r a i n  growth occurs w i t h i n  
t h e  w a l l s  o f  t h e  e n g i n e e r i n g  model hea t  exchanger p e r s i s t s ,  s ince  t h e  t h r u s t e r  hea t  exchanger i s  
p lanned t o  o p e r a t e  a t  a maximum temperature o f  1200 t o  1400 'C. 

a cons tan t  p r o p e l l a n t  i n l e t  p ressu re  o f  0.14 MPa.23 
as a r e  t h e  corresponding c o l d  gas s p e c i f i c  impulse va lues .  A s  expected, t h e  s p e c i f i c  impulse 
decreases w i t h  i n c r e a s i n g  mo lecu la r  we igh t .  
l i g h t e r  f l u i d s  (hydrogen, he l i um)  i s  r a t h e r  low, i t  should be noted t h a t  t h e  power l e v e l s  t e s t e d  w e r e  
h i g h l y  c o n s e r v a t i v e  r e l a t i v e  t o  t h e  des ign  power l e v e l  o f  500 W .  Opera t i on  on a l l  o f  t h e  t e s t e d  f l u -  
i d s  a t  a f i x e d  power l e v e l  o f  500 W would have shown g r e a t e r  s p e c i f i c  impulse va lues f o r  t h e  f l u i d s  
w i t h  h i g h e r  s p e c i f i c  hea ts .  Subsequent t e s t s  a t  power l e v e l s  as h i  h as 740 W u s i n g  carbon d i o x i d e  

The f e a t u r e s  o f  t h i s  r e s i s t o j e t  des ign  t h a t  l e a d  t o  

( 1 )  A sheathed hea te r  element i s  wrapped around t h e  o u t s i d e  o f  t h e  heat  exchanger body. 

Th is  f e a t u r e  e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  move- 

The temperature d i f f e r e n c e  

(2 )  Large-sur face-area d i f f u s i o n  bonds a r e  used t o  j o i n  t h e  p l a t i n u m  p a r t s .  The d i f f u s i o n  

F i g u r e  7 shows t h e  range o f  s p e c i f i c  impulse o b t a i n e d  a t  v a r i o u s  power l e v e l s  f o r  o p e r a t i o n  a t  
The nominal t h r u s t  l e v e l s  measured a r e  shown, 

Al though t h e  a b s o l u t e  v a l u e  o f  s p e c i f i c  impulse f o r  t h e  

p r o p e l l a n t  produced maximum t h r u s t e r  temperatures o f  about 1200 'C. !3 

Four r e s i s t o j e t s  o f  t h e  t ype  shown i n  F i g .  6 have been ob ta ined .  These have been used i n  c o n t i -  
nu ing  s t u d i e s  o f  r e s i s t o j e t  performance, l i f e  t e s t s ,  and plume d i s p e r s i o n .  I n  a d d i t i o n ,  a f i f t h  mod- 
e l  has been o b t a i n e d  which i n c o r p o r a t e s  a few minor des ign  changes t o  s i m p l i f y  t h e  manufacture o f  
t h e  t h r u s t e r .  The r a d i a t i o n  s h i e l d  pack has been redesigned,  t h e  e l e c t r o n  beam weld procedure modi- 
f i e d  and some minor  changes have been made t o  t h e  m a t e r i a l  s p e c i f i c a t i o n s . 2 3  

SPACE STATION PROPULSION MODULES 

The space s t a t i o n  reboos t  module i s  
between seve ra l  o f  t h e  h a b i t a t  modules. 
assembly f l i g h t  w i t h  t h e  t r u s s  s t r u c t u r e  
one r e s i s t o j e t  module. 

The l o c a t i o n  o f  t h e  reboos t  module 
b e  n e a r l y  th rough  t h e  cen te r  o f  g r a v i t y .  
upon t h e  s t a t i o n ,  even those as small  as 

p r e s e n t l y  p lanned t o  be 
F i g u r e  8 shows t h e  l o c a  
unextended. Mounted on 

s through t h e  geometr ic  
Th is  i s  i m p o r t a n t  when 

t h e  ones c rea ted  by t h e  
o f  t h e  plume upon t h e  modules o r  t h e  Japanese experiments porch 
boom as shown. 

mounted on an extendable s t r u c t u r e ,  
i o n  o f  t h i s  module a f t e r  t h e  second 
t h e  t r u s s  a r e  two H / O  modules and 

cen te r  o f  t h e  s t a t i o n  which should 
c o n s i d e r i n g  t h e  torques imposed 
r e s  i s t o  j e t  s . Pot en t i a1 i mpi ngemen t 
s n o t  a problem u s i n g  an extendable 

A f u l l y  completed s t a t i o n  i s  shown i n  F i g .  9 w i t h  t h e  p r o p u l s i o n  module t r u s s  f u l l y  extended. 
Th is  f i g u r e  shows t h a t  t h e r e  a r e  two modules o f  H / O  t h r u s t e r s ,  w i t h  t r i p l e  redundancy i n  each o f  two 
axes. There a r e  a l s o  two r e s i s t o j e t  modules, each c o n s i s t i n g  o f  f o u r  r e s i s t o j e t s .  F i g u r e  10 shows 
t h e  r e s i s t o j e t  module l a y o u t  and i d e n t i f i e s  most o f  t h e  components. Note t h a t  a water v a p o r i z e r  has 
been i n c l u d e d .  Whi le  i t  i s  env i s ioned  t h a t  a l l  water  w i l l  be e l e c t r o l y z e d  f o r  use i n  t h e  H/O rock-  
e t s ,  p r o v i s i o n s  a r e  a v a i l a b l e  t o  u t i l i z e  any excess water  as a r e s i s t o j e t  p r o p e l l a n t .  

CONCLUDING REMARKS 

The exper imenta l  e f f o r t s  d iscussed i n  t h i s  paper have produced r e s u l t s  t h a t  c l e a r l y  i n d i c a t e  
t h a t  H /O r o c k e t s  and t h e  m u l t i p r o p e l l a n t  r e s i s t o j e t  can meet b o t h  t h e  performance and l i f e  r e q u i r e d  
o f  t h e  space s t a t i o n  p r o p u l s i o n  s y s t e m .  Recogn i t i on  o f  t h i s  has r e s u l t e d  i n  these p r o p u l s i o n  sys- 
tems be ing  s e l e c t e d  as t h e  p r o p u l s i o n  b a s e l i n e  f o r  t h e  space s t a t i o n .  S ince these p r o p u l s i o n  sys- 
tems u t i l i z e  wastes as p r o p e l l a n t s ,  p r o p e l l a n t  r e s u p p l y  i s  min imized and waste d i s p o s a l  problems a r e  
g r e a t l y  simp1 i f i ed. 
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L i f e t i m e s  i n  excess o f  10x106 N-sec a r e  t o  be expected f rom H / O  t h r u s t e r  based on presented 
l i f e  t e s t  da ta .  Measured s p e c i f i c  impulse va lues were low, 330 sec a t  a m i x t u r e  r a t i o  o f  8 : l .  and 
f u t u r e  programs w i l l  seek performance l e v e l s  o f  360 sec. Performance o f  t h e  r e s i s t o j e t  has been as 
expected. L i f e  es t ima tes  based on m a t e r i a l - p r o p e l l a n t  c o m p a t i b i l i t y  t e s t s  f a r  exceed t h e  expected 
l i f e  o f  t h e  hea te r  element. 
t e s t s  o f  t h i s  d u r a t i o n  have y e t  t o  be per formed.  Ac tua l  l i f e  d e t e r m i n a t i o n  and t h e  i d e n t i f i c a t i o n  
o f  l i f e  l i m i t i n g  e f f e c t s  s t i l l  need t o  be addressed f o r  a l l  those f u t u r e  a p p l i c a t i o n s  where t h r u s -  
t e r s .  u t i l i z i n g  any combinat ion o f  p r o p e l l a n t s ,  w i l l  be r e f u e l e d  t o  meet t h e  p r o p u l s i o n  demands o f  
l ong  d u r a t i o n  s p a c e f l i g h t .  

However, 10 000 h r  o f  o p e r a t i o n  appears t o  be e a s i l y  achievable,  though 
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Opt i ons 1995 

45 day v i s i t s  8235 

90 Day v i s i t s  4420 

45 Day v i  s i t s  7076 

90 Day v i s i t s  3257 

Bosch ECLSS 

Bosch ECLSS 

S a b a t i e r  ECLSS 

S a b a t i e r  ECLSS 

TABLE I. - TOTAL-IMPULSE REQUIRED FOR 

REBOOST/ALTITUDE MAINTENANCE 

[Nominal atmosphere assumed.1 

1996 1997 

8458 8390 

4624 4554 

7003 6937 

3171 3101 

Year 

1995 

1996 

1997 

1998 

1999 

2000 

2001 

2002 

2003 
2004 

2005 

TOTAL 

V a r i a b l e  a l t i t u d e  
average, 
0.3 Pg 

A1 t i tude, 
km 

3 50 

34 1 

333 

333 

333 

355 

374 

394 

409 
389 

380 

Impul se, 
n- s 

9 . 2 2 5 ~ 1 0 ~  

8.878 

9.652 

12.25 

26.24 

20.70 

23.09 

27.35 

27.54 
20.85 

20.37 

1 9 5 . 9 ~ 1  O6 

Nominal 463 km 
a1 t i  tude  

Impulse,  
N-s 

2 .926x106 

1.596 

1.394 

1.239 

1.365 

2.328 

4.572 

8.475 

11.769 
9.617 

7.644 

5 2 . 9 3 ~ 1  O6 

TABLE 11. - WATER AVIALABLE FOR PROPULSION k g / y r  

T o t a l  

86 537 

48 206 

67 655 

29 319 
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TABLE 111. - ANNUAL WASTE GAS PRODUCTION FROM ALL SOURCES 

[Assumed Bosch ECLSS, changes w i t h  Saba t ie r  ECLSS i n  Paren thes i s  ( k g / y r ) . l  

575 
92 

0 

3 
56 

146 
(83)  
7 64 
110 
36 
40 

1825 
3608 

( 1  700) 

575 
205 

0 
( 1  700) 

3 
407 
146 
(83) 
834 
110 
36 
40 

2357 
4140 

61 3 
339 

0 
(2550) 

4 
370 
319 

(224) 
1203 

152 
36 
50 

3085 
5859 

61 3 
229 

0 
(2550) 

4 
370 
179 
(84) 

1133 
152 
36 
50 

2765 
5399 

Thrus t ,  N 
S p e c i f i c  impulse,  sec 
Nozzle a rea  r a t i o  
Chamber p ressu re ,  MPa 
Throat  d iameter ,  cm 
E x i t  d iameter ,  CM 
Type 

111 
41 5 

30 
0.688 

1.07 
5.84 

Regen cooled 

T o t a l  
d u r a t i o n ,  

sec 

-___- 
275 

1 619 
124 
83 
65 

3 116 

5 282 

T o t a l  T o t a l  
impulse,  d u r a t i o n ,  

N-S sec 

- - - - - - - --____ 
59 914 32 148 

354 225 12 697 
27 235 408 
19 424 478 
15 341 440 

1 003 499 40 237 

1 479 638 85 968 

2001 2002 2003 2004 1999 I 2000 1996 

575 
92 

0 

3 
16 
83 

(19)  
7 64 
110 
36 
40 

1720 
3440 

( 1700) 

613 
118 

0 
(2550) 

4 
370 
115 
(20)  

1063 
152 
36 
50 

2520 
4975 

466 
118 

0 
(2550) 

4 
370 
115 

(20) 
958 
152 
36 
50 

2270 
4724 

466 
118 

0 
(2550) 

4 
0 7 0  
115 
(20) 
958 
152 
36 
50 

2270 
4724 

504 
118 

0 
:3400) 

4 
37 1 
148 
(20) 

1257 
194 
36 
60 

271 6 
5989 

Argon 

C02 /CH4 

Freon 
He1 i um 

( 1  700) 

Hydrogen 

N i t r o g e n  
Oxygen 
K r y t o n  
Xenon 
T o t a l s  
Sabat i  e r  

83 
(19)  
7 64 
110 
36 
40 

1720 
3440 

TABLE I V .  - H/O THRUSTER IN IT IAL  DESIGN PARAMETERS 

I Rocketdyne I A e r o j e t  1 B e l l  I I 
1 1 1  
440 
113 

0.515 
1.27 
12.7 

Regen cooled 

222 
41 0 

40 
0.515 

1.75 
11.15 

F i l m  cooled 

TABLE V.  - H / O  THRUSTER TEST SUMMARY 

A e r o j  e t  I B e l  1 I Rocketdyne I 
r a t i o ,  

8 

T o t a l  
d u r a t i o n ,  

sec 

T o t a l  
i mpul se , 

N-S 

T o t a l  
impulse, 

N-S 

60 
180 

4 039 
224 
22 1 

17 560 
118 

22 402 

5 791 
22 716 

398 211 
24 802 
21 030 

1 908 178 
14 327 

2 395 055 

- - - - - - - - - 
3 574 857 
1 411 906 

45 369 
53 153 
48 928 

4 474 354 

9 608 557 



TABLE V I .  - SUMMARY OF G R A I N  STABILIZED PLATINUM 

EXPERIMENTS 

P r o p e l l a n t  Co i  1 ed H e a t e r  C o i l e d  E x t r a p o l a t e d  
h e a t e r  i n i t i a l  h e a t e r  l i f e , b  

tempezature ,  mass, mass h r  
C g l o s s ,  

Sa 

P l a t i n u m  - Y t t r i a  

1400 

500 

1400 

1400 

1400 

c02 

CH4 

H2 

"3 

H2° 

9.0194 0 .0030 300 000 

12.6384 .0008 1 500 000 

12.6589 .0062 200 000 

12.5982 .0055 200 000 

13.0695 .0116 113 000 

P l a t i n u m  - Z i r c o n i a  

c02 

H2 

"3 

H2° 

CH4 

1400 13.1955 0.0016 800 000 

500 11.6969 .OOOOc 1 000 000 

1400 13.2093 .0031 400 000 

1400 13.0632 .0066 200 000 

1400 11.5133 .0245 45 000 

a A f t e r  1000 hr  o p e r a t i o n .  
bTime t o  10 p e r c e n t  mass l o s s .  
cO.0001 9;. a c c u r a c y  o f  b a l a n c e .  

C-86-1827 

FIGURE 1. - AEROJtT 111N KOCKET ENGINE ON THRUST STAND. 
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C-87-7523 

FIGURE 2. - BELL AEROSPACE 222N H/O ROCKET ENGINE. 
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FIGURE 3.  - ROCKETDYNE 111N (~S-LBF) THRUST HYDROGEN/OXYGEN ROCKET. 
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CL cn 

340  

320 

300 
1 2 3 4 5 5 7 8 

i i i x r u f i t  ~ ~ A T I O  

FIGURE 4. - PERFORMANCE OF H/O THRUSTERS OVER A 
RANGE OF MIXTURE RATIOS. 

FIGURE 5. - ENGINEERING MODEL OF RESISTOJET. 
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NOTE 1. ASTRISK INDICATES COLD- 
400 GAS SPECIFIC IMPULSE. 

)-HEATER NOTE 2. POWER LEVELS ARE FOR CURRENT- 

VALUE IS FOR 23.OA: LOW VALUE 
IS FOR 18.5A 

,’ POWER REGULATED OPERATION. HIGH 

300 1151 
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100 

3c 
218 
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506 

294 
0 

0 
H2 HE CH4 AIR N2 AR C02 

(140) (115) (165) (150) (150) (145) (160) 
GAS 

(NOMINAL THRUST, MN) 

FIGURE 7. - SPECIFIC IMPULSE AND POWER RANGES FOR ENGI- 
NEERING MODEL RESISTOJET FOR INLET PRESSURE OF 0.14  MPA. 
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WATER VAPOR I ZER 

FLUID MANIFOLD7 

POWER CONTROLLER7 ,-CHECK VALVE 
/ / 

L ELECTR ICAL POWER LEAD /- RESISTOJET 

FIGURE 10. - MODULE LAYOUT. 
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